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Abstract:Wereviewthemonitoringandstudyofreservoir-inducedseismicity(RIS)inthehalfpastcentury, andana-

lyzethemajorproblemsinRISstudy.Wesuggestthatitwillbethekeyworkinthefuturetofurtheraccumulatedata,

determinethemajorinfluencefactorsonRIS, studyRISmechanismbymeansofobservationalandexperimentalmeth-

ods, anddevelopeffectivepredictiontechniquesofRIS.
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0　Introduction

Thehumanracebegantoconstructthereservoirs

withthedamheight≥100 mintheearly20thcentu-

ry.Accordingtostatisticsin1973, therewereabout

326 reservoirswiththedamheight≥100 minthe

world, 265 finishedand61 constructing.In2003 ,

therewereabout670reservoirswiththedamheight≥

100 mintheworld, including155 hugereservoirs

withthedamheight≥150m (Mao, 2007).

Thereservoir-inducedseismicity(RIS)began

toattracttheresearchersattentionsincetheM4.7

earthquakeatMarathonReservoirinGreecein1938

andtheM4.6 earthquakeatLakeMeadinUSAin

1939 (Ding, 1989;Gupta, 1992).The dam

heightandcapacityofMarathonReservoirare67 m

and0.67×10
8
m

3
, andthoseofLakeMeadare221

mand375×10
8
m

3
.

AccordingtoGuptaetal(1972), RISwasfor

thefirsttimeproposedbyCarderin1945 forLake

Mead.Sincethen, anumberofRIScaseshavebeen

citedbymanyresearchers.

Bytheearly1970s, onlyoveradozenRIScases

werereported(Gupta, 1992).

Upto1986, thestatisticsof33 770 reservoirs

from29countriesincludingChinagave116 reservoirs

whichinducedearthquake(Li, 1999).

Uptotheinitial21thcentury, morethan140

RIScaseshadbeendeterminedintheworld(Yao,

2006), including4 casesofM≥ 6, 36 casesof

M4.5-5.9, 43 casesofM3.0 -4.4, and51 cases

ofM<3.0.TheseRIScasesaredistributedinmore

than30 countriesandmorethan10 ofthemoccurred

inChina.AndRISphenomenonhasoccurredin

Three-GorgeReservoir, Hubei, Chinasinceitswater

levelreached135 m (Yao, 2006).

TheM6.1 earthquakethatoccurredatXin-

fengjiangReservoirofGuangdongon19 March1962

isconsideredasthefirstRIScaseofM≥6 inthe

world(Ding, 1989).During5 yearsaftertheXin-

fengjiangreservoirearthquake, threeotherearth-

quakesofM≥6occurredinKaribaReservoirinZam-

bia-ZimbabweeBorderarea, KremastaReservoirin

Greece, andKoynaReservoirinIndia.Theseearth-

quakescausedseriousdamageandeconomiclosses.

Therefore, sincethemid-20thcenturyafter4 RISca-

sesofM≥6, muchmoreattentionhasbeenpaidto

theRISstudy.

Bytheeffortsoftheresearchersinlotsofcoun-

triesduringthepasthalfcentury, somedevelopment

ofRISstudyhasbeenmade.
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1　RISMonitoringandStudyduring
thePastHalfCentury

1.1　RISMonitoring

　　TheearliestmonitoringofRISbeganintheLake

Meadareain1938.Sincethe1950s, Somecountries

havecarriedoutRISmonitoringtodeterminetheki-

nematicsanddynamicsparametersofRIS, andalso

tostudytherelationshipamongearthquake, water

fillingandgeology.Besidestheearthquakemonito-

ring, theearthquakestressdropping survey and

hydro-pressure-breakingstresssurveywerecarriedout

atMonticelloReservoirofUSAduring1978 -1980

byFletcheretal(1983)andRajendranetal

(1992).Basedontherelationshipbetweenseismic

spatial-temporaldistributionandhydro-chemicalcom-

position, Talwainietalpredictedtwoearthquakesof

M2-4 (Hu, 1983).

TheChineseRISmonitoringbeganaftertheXin-

fengjiang, Guangdong, M6.1 earthquake, which

occurredatthevicinityoftheXinfengjiangReservoir

damon19 March1962.Aftertheoccurrenceofthe

Xinfengjiangearthquake, thestationnetworkwasset

upintheXinfengjiangReservoirarea, whichwasre-

newedintheearly1980sandstillworkstoday.The

ChineseHydro-constructionDesignCoderegulated

thattheRISstudyandearthquakemonitoringshould

becarriedoutinthehigh-dam constructionareain

whichtherearegreatprobabilityofreservoir-induced

earthquakes, complexgeologicalconditionandactive

faults.

Inthepast40 years, theRISmonitoringinChi-

nahadexperienced4 periodsofdevelopmentasfol-

lows:

The1stPeriod:itwasamanualactingperiod.

RISmonitoringwascarriedoutatNanshuiReservoir

ofGuangdonginthe1960s, DahuaReservoirof

Guangxiinthe1980s, YantanReservoirofGuangxi

andTongjieziReservoirofSichuaninthe1990s.

The2ndPeriod:itwasaperiodofnon-special

remotemonitoringmodel, andteleseismictechnique

wasintroducedtoRISmonitoringfromnaturalearth-

quakeobservationinthe1970sand1990satLongyan-

gxiaReservoirofQinghai, DanjiangkouReservoirof

Hubei, ManwanReservoirofYunnan, ShuikouRes-

ervoirofFujian, etc.

The3rdPeriod:itwasaperiodofspecial

teleseismicobservationnetwork.Forexample, in

SeismicMonitoringNetworkStudyProgramofErtan,

Sichuan, Reservoir, thebroadbandremoteequip-

mentwasdevelopedand5-9stationsweredesigned

inthesystem, andthetechniqueswereappliedtothe

monitoringatGeyanheReservoirofHubei, Longyan-

gxiaReservoirofQinghai, etc.

The4thPeriod:itisaperiodofcomprehensive

observationanddigitalteleseismicobservation.The

relatedtechniqueswereappliedtoThree-Gorges, Hu-

bei, Reservoir-InducedSeismicityMonitoringSys-

tem, whichwascomposedofseismology, deforma-

tionandundergroundfluidmonitoringtechniques.

Thisobservationmodelhasalsobeenappliedtothe

Xinuodu, Xiangjiaba, andBaihetanreservoirs.

1.2　RISStudy

WiththedevelopmentofRISmonitoring, alot

ofbasicstudiesarealsocarriedout.Thesestudiesin-

cludespecialstudiesforsomereservoir, theinvesti-

gationsofRIScases, andthestudyforcharacteristics

andgenesisofRIS, etc.

(1)RIScasereportsandspecialstudiesfor

somereservoirs

Uptonowtherehavebeenpapersspeciallystud-

yingsomereservoirs, suchasBhatsaDam, Osman

SagarReservoir, BhakraDamandKoynaDaminIn-

dia;LakeMead, OrovilleReservoir, ClarkHill

Reservoir, LakeKeowee, LakeJocasseeandManti-

celloReservoirinUSA;LakeKaribainZambia-Zim-

babwe;Lake Kremasta and Lake Marathon in

Greece;LakeBenmoreinNewZealand;Carmodo

CajuruReservoir(PortoColombiadam andVolta

GrandeDam)andMarimbondoReservoirinBrazil;

ToktogulReservoirinTadzhikistan;AswanDamin

Egypt;and28reservoirsinChina(theXinfengjiang

andNanshuireservoirsofGuangdong, theDahuaand

YantanreservoirsofGuangxi, theCanworeservoirof

Liaoning, the Danjiangkou, Qianjin, Three-Gor-

ges, Panjiakou, andGeyanhereservoirsofHubei,

theShiquanreservoirofShanxi, theManwanand
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DachaoshanreservoirsofYunnan, theShuikoureser-

voirofFujian, theTongjiezi, Daqiao, andErtan

reservoirsofSichuan, theZhelinreservoirofJian-

gxi, theDongjiang, andHuangshireservoirsofHu-

nan, theWujiangdu, Yinzidu, andDongfengreser-

voirsofGuizhou, theWuxijiang, andShanxireser-

voirsofZhejiang, theKezierreservoirofXinjiang,

theLongyangxiareservoirofQinghai, theJiangkou

reservoirofChongqing).

Generally, therearemorestudymaterialsforthe

reservoirswithlargescaleorwheretheearthquake

(M≥ 4.0)hasoccurred.TheyareXinfengjiang

Reservoir, DanjiangkouReservoir, ShuikouReser-

voir, SanxiaReservoir, LakeMead, LakeKariba,

KoynaDam, OrovilleReservoir, LakeJocassee,

ManticelloReservoir, NureckReservoir, etc.

Thesepapersstudiedthecharacteristicsofpost-

impoundmentseismicityanditsrelationshiptowater

level.Thedetailedgeologicaldataofreservoirsare

fewcomparatively.

(2)SyntheticstudiesonRISgenesisandmech-

anism

Besidesthestudiesonaspecialreservoir, some

syntheticstudiesonthecharacteristicsofRISgenesis

andmechanismhavealsobeenpublished.Therepre-

sentationsareasfollows:

Reservoir-InducedEarthquakesinChina:itwas

publishedbySTATESEISMOLOGICALBUREAU

OFCHINAin1983 , inwhich22articleswerecom-

piled, andthearticlesstudied8 Chinesereservoirs,

includingXinfengjiangReservoir, DanjiangkouRes-

ervoir, ZhelinReservoir, QianjinReservoir, Nan-

shuiReservoir, Wujiangdu Reservoir, Wuxijiang

Reservoir, andHuangshiReservoir.Thegeological

conditions, styledivision, genesisandmechanismof

theRIScaseswerealsoanalyzedinthebook.

Reservoir-InducedEarthquakes:itwaswritten

byDingYuanzhangin1989, inwhich41 RIScases

wereintroduced, including7 casesinChina, 13 in

Asia, 10inEurope, 4inAfrica, 7inNorthAmeri-

ca, 4 inAustralia, and3 casesofseismicitydecrea-

singafterimpounding.

Reservoir-InducedEarthquakes:itwasauthored

byH.K.Guptaandpublishedin1992, inwhich41

RIScaseswereintroduced, andRIScharacteristics

andmechanismwerealsodiscussed.

Apartfromabovebooks, somecomprehensive

articles(Hubbertetal, 1959;Rothe, 1968;Gupta

etal, 1972;Kisslinger, 1976;Simpson etal,

1976;Stuart-Alexanderetal, 1976;Castleetal,

1980;Baecheretal, 1982;Guptaetal, 1986;

Chenetal, 1988;Roeloffs, 1988;Assumpcaoet

al, 2002)onRIShavealsobeenpublished.

2　ProblemsinRISStudy

Althoughmuchprogresshasbeenachievedin

RISstudy, andlotsofknowledgeonRIShasalso

beenobtained, someimportantproblemsstillexistin

RISstudy.

2.1　RISstudyhasbeenintheinitialperiodlimit-

edbydataaccumulation

In1980 , Allenpointedoutthatweknewfewa-

boutthemechanicswhyRISoccursandcannotbe

surewhichreservoirsearthquakemayoccur(Hu,

1981).

In1983, asectiononinducedseismicityina

publicationoftheUSNationalAcademyofSciences,

concernedthedam safety, statedthattherewasa

questionofwhetherareservoirmayinduceearth-

quakes.Todatethereisnouniversallyaccepted

proofthatthiscanoccur, butitisapossibilitythat

considerationshouldbegiven(Gupta, 1992).

Hu(1983)pointedout:“ althoughtheRIS

studyhasgotsomeprogressesrecently, itisstillin

theperiodofdataaccumulation.Moreworkshould

becarriedoutinthemonitoringandstudyofRIS,

especiallytheaccumulationofabundantandaccurate

data, whichisveryimportanttothedevelopmentof

RISresearch.”

Gupta(1992)stated:“thephenomenonofRIS

isnotyetfullyunderstood.Thefrequentlyasked

questionsarehowtoassessthepotentialityofreser-

voir-inducedearthquakesatagivenreservoirsite,

andwhatthemagnitudeofthelargestinducedearth-

quakewouldbe.Duringthepastthreedecades,

someknowledgeonRIShadbeengained, butthere

stillarelotsmoreonRISneedtobestudied.”

401



地 震 研 究 31卷

Yi(2003)statedthataftersomedamagereser-

voirearthquakesoccurredinthe1960s, thereservoir-

inducedearthquakesbegantobestudiedintheworld.

Thestudiesduringthisperiodweremainlycenteredin

geology, seismology, physicalmechanismandtech-

niquesfortheriskevaluationandpredictionofRIS.

Butsincethelate1980s, RIS studyhasnearly

stoppedandfewarticleshavebeenpublished.

Chen(2004)concludedthattheRISwasa

complexproblem, whichbelongedtoanewitemof

earthquakestudy.Uptonow, RISstudyisstillpre-

liminaryintheworld, andthereservoir-induced

earthquakecannotbepredictedaccuratelyyettoday.

2.2　Knowledgeofinducedfactorsofreservoir

earthquakeandtheirrelationshipisnotconsistent

Sun(1996)statedthattheRISwastheresultof

manyfactors.Shegavethestatisticanalysisto22

statesof6 factors, whichincludedwaterdepth, ca-

pacity, stressregime, faultactivity, petrologyand

historicalseismicity.

Li(1999)statedthatwaterfillingcouldnoton-

lyinduceearthquakes, butalsodecreasedseismicity

incertaingeologicalconditions.Soitisnecessaryto

studythesephenomena.However, itisdifficultto

investigatethedetailedgeologicalenvironmentofa

reservoir, soitshouldbecarefultoanalyzethegeo-

logicalconditionsaroundareservoirinordertosearch

thecharacteristicgeologyofRIS.

AlthoughithasbeengenerallyacceptedthatRIS

isrelatedwiththegeologicalstructureofreservoirs,

Yi(2003)concludedthatthenumerousstudieson

geologicalenvironmentsofRISweresummarizedina

largeregionalscale, andmainlyinregionalfaultdy-

namics, rockpetrology, tectonicstressregimeand

seismicity, butsomebasicquestionswerestillre-

mained unanswered. Therefore, more attention

shouldbepaidtothesyntheticstudiesonthecharac-

tersofreservoirconstructionandgeologicalstructures

andenvironmentsinordertofindmajorfactorsofin-

ducingearthquakesfrom thereservoirconstruction

characters, stratafeature, geologicalstructuresand

tectonics, undergroundwaterandstressconditions.

2.3　RISmechanismisstillinargument

Becausetherewasnoconsistentknowledgeon

theoccurrenceanddevelopmentofRIS, duringthe

pasthalfcentury, thegenesisandmechanismofRIS

hadbeeninargument.

Yu(1984)statedthatdifferentsuggestionson

RISgenesiswereconcludedbasedonregionalgeolog-

icalbackground, hydro-geologicalconditionofreser-

voir, waterloadandearthquakeactivity, etc.

Li(1984)concludedthatthedifferentdevelop-

menttendencyofRISshouldbeevaluatedbydifferent

ideasofRISgenesis.Theoccurrenceanddevelop-

mentofRISshouldbedependentfirstlyongeological

conditionsandstrainenergyaccumulation, secondly

onwaterloadpressureandpore-pressureandother

factorsincludingearthrotation.

AccordingtoYi(2003), thereweredifferent

opinionsonRISmechanism.Theinteractionsbe-

tweenreservoirandgeologicalenvironmentsshouldbe

verycomplex.Thewaterload, pore-pressure, sof-

teningandlubricatingoffaultplaneundertheaction

ofundergroundwatershouldinfluencetheoccurrence

ofRIS, butwhichoneshouldbethekeyroletoRIS

isstillnotanswereduptonow.

2.4　TherearenoteffectiveRISpredictiontech-

niquesuptonow

AfterRISproblemappeared, theRISprediction

becameaquestionneededtobesolved.Uptonow,

alotofeffortshavebeenmadeinthesearchoflong-

periodpredictiontechnique.

Talwani(1997)pointedoutthatdespitethe

progressattainedinexplainingthemechanismofRIS,

itwasnotpossibletopredicttheoccurrenceofin-

ducedseismicityofafuturereservoir, becauseofthe

practicaldifficultiesinaccuratelymappinggeological

conditionsbeneaththereservoir.Andkeyparameters

suchasinsitustresses, permeabilityoftherockmas-

sesandgeometryoffracturesystemcouldnotbeac-

curatelydetermined.

AccordingtoYi(2003), themainresearches

onRISpredictionwereasfollows:

In1979, HuYuliangsuggestedthepossibilityof

evaluatingRISprobabilitybymeansofthestudyon

rockpetrologyanditspermeatingcondition, andgeo-

logicalstability.

In1979 and1982, PackerandBaechersugges-
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tedtheprobabilitymethodofRISprediction, which

usedthedataofwaterdepth, capacity, stressesre-

gime, faultactivity, petrologyinthereservoirarea.

In1984 , HuYuliangstatedthatthegeological

backgroundandtectonicconditionsofRISweresimi-

lartothoseofnatureearthquakes, therefore, the

studyideaandmethod, andpredictionexperienceof

natureearthquakescouldbeusedtothepredictionof

RIS.Inaddition, hesuggestedthatreservoiraction

andhydrogeologyshouldbeconsideredinRISpredic-

tion.

In1989, ChangBaoqiadvancedthefuzzyjudge

theoryofRIS.

In1995, HuangRunqiuandXuQiangadvanced

theneuralnetworkmodelofRISprediction.

In1995, WangYongxiputforwardthemulti-

factorpredictionmethodofRISbasedonrockstruc-

tureandverticalhydro-geologicalbeltdivision.

In2000, XiaQifaputforwardtheprogramand

methodofRISriskevaluationbasedonengineering

geology, whichisthesyntheticstudyofregionalen-

gineeringgeology, tectonics, hydro-geology, and

seismology.

In2001, ZhangQiuwensummarizedtheRIS

predictionmethodsintotwokinds:certainprediction

anduncertainprediction.

Basedon thestudiesabovementioned, Yi

(2003)statedthatRISstudywasstillintheperiod

ofdataaccumulationandcasescomparison, andthere

stillwerenotgoodtheoryandmethodtopredictRIS

risk.

2.5　Somebasicrelationshipsneedtobestudied

Althoughlotsofknowledgeongenesisand

mechanismofRIShasbeenobtained, theyarediffer-

entintherelationshipamongRISactivity, water

depth(ordam height), capacity, stressregime,

faultactivity, petrology, andhistoricseismicity.

(1)WithregardtotherelationshipbetweenRIS

activityandreservoirscale, therearetwooppositeo-

pinions.Someresearchersconsideredthattherewasa

positiverelationbetweenRISactivityandcapacityor

damheight(Hu, 1983;Li, 1999), butothersal-

sosuggestedtheoppositecases(Li, 1984);they

consideredthattherewasnotsignificantrelationship

betweenRISactivityandcapacityordam height

(Chen, 2004).

(2)WithregardtotherelationshipbetweenRIS

activityandwaterlevelvariation, Li(1999)and

Yu(1984)consideredthattherelationshipwascom-

plicated;Ding(1989), Chen(2004), andYang

etal(2003)suggestedthatpost-impoundmentseis-

micityincreasedduringwaterleveluprising, andthe

maximum frequencyandmagnitudeofearthquakes

occurredatpeakwaterlevelinsomeRIScases.Li

(1984)concludedthattherelationshipbetweenRIS

activityandwaterlevelvariationwasmorecomplex

afterinitialimpoundmentormainshockofRIS.

(3)TherelationshipbetweenRISactivityand

naturalseismicitybackgroundisstillnotclearnow.It

isgenerallyacceptedthatthereservoir-inducedearth-

quakeusuallyoccurredatthereservoirswhichwere

constructedinthelow-seismicityarea(Ding, 1989;

Chen, 2004).Itwasalsoconcludedthattherewas

noobviouspositiverelationshipbetweenRISactivity

andregionalnaturalseismicity(Wang, 2002;Mar-

celo, 2002), andtheprobabilityofRISoccurrence

didnotdependontheregionalbasicseismicintensity

inthereservoirarea(Hu, 1983).

(4)WithregardtotherelationshipbetweenRIS

activityandpetrology, therearethefollowingopin-

ions:

TheRIS isrelatedwithmetamorphicrocks

(Stuart-Alexander, 1979).

MostoftheRIScasesoccurredinthecarbonate

rockarea(Xia, 1984;Ding, 1989;Yi, 2003).

TheRISprobabilityinmagneticrockareaisbig-

gerthanthatinmetamorphicrockarea(Li, 1999).

OnlyafewRIScasesoccurredinthevolcanic

rockarea(Wang, 2002).Butofthe19 RIScases

inBrazil, thestrataexposedintheareasof11 RIS

casesarebasaltandgranite;6 casesoccurredinthe

areaofmetamorphicrockand2 intheareaofsedi-

mentrock(Marcelo, 2002).

ItwasalsosuggestedthatRISusuallyoccurredin

theareainwhichrockwasfractured, orkarstwas

developed, wherethewaterpermeationoftherocks

shouldbestrong(Li, 1984).

(5)WithregardtotherelationshipbetweenRIS
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activityandtectonicenvironment, itwasgenerally

acceptedthatRISwasrelatedwiththegeologicalen-

vironmentsofreservoir(Gupta, 1972;Li, 1999),

andtheexistenceofpre-existedfaultswasveryimpor-

tanttotheoccurrenceofreservoir-inducedearthquake

(Rothe, 1973;Yu, 1984;Yi, 2003).

Hu(1984), Li(1984), Yu(1984), Ding

(1989), Li(1999), andWang(2002)suggested

thatRISwasrelatedwithneo-tectonics, especially

withtheactivefaultsincludingtheHoloceneactive

faults.But Stuart-Alexander(1979) and Xia

(1984)alsoconcludedthattheexistenceandactivity

offaultswerenotimportanttotheoccurrenceofres-

ervoir-inducedearthquake.

RISwasrelatedwiththeexistenceoflargefault

inareservoirarea(Wang, 2002;Li, 1999).But

theRISwasalsorelatedwithsmallfault(Ding,

1989;Keithetal, 1982).

ItwasgenerallyacceptedthatRISusuallyoc-

curredinthetensionstressenvironment.Butsome-

onesuggestedthatRISwasrelatedwithshearingzone

(Baecher, 1982), andsomeoneconcludedthatRIS

alsooccurredincompressingareas(Li, 1984;Yu,

1984).

(6)WithregardtotherelationshipbetweenRIS

activityandfaultproperty, itwasgenerallyaccepted

thatreservoir-inducedearthquakemoreeasilyoccurred

alongnormalfaultthanalongreversefaultorstrike-

slip fault(Yi, 2003).Li(1999), Simpson

(1976), andWang(2002)alsoconcludedthatres-

ervoir-inducedearthquakeshouldeasilyoccuralong

normalfaultandstrike-slipfault, WhileYu(1984)

suggestedthatreservoir-inducedearthquakeshouldbe

easytooccurontensionfaultandshearing-tension.

Castle(1980)andAnglin(1985)pointedoutthat

theearthquakesatsomereservoirssuchasMonticello

Reservoir, Manic3 Reservoir, LG2 andLG3 reser-

voirs, occurredalongthereversefaultorinreverse

faultingenvironment.Tsengwen, Taiwan, China,

reservoirwasconstructedonareversefault, itspost-

impoundmentseismicitydecreased.Baecheretal

(1982)suggestedthattheshearingstressregimewas

morepronetotheoccurrenceofreservoir-induced

earthquakethantensionstressandcompressingre-

gimes.

3　Conclusions

TheRISquestionwasputforwardbecauseofthe

earthquakeofM4.7 atMarathonReservoirofGreece

in1938 andtheearthquakeofM4.6atLakeMeadof

USAin1939, andwasstressedby4 earthquakesof

M>6.0 afterthat.Inthepasthalfcentury, lotsof

RISmonitoringandstudyhadbeencarriedoutand

muchprogresshadbeenachieved.However, alot

ofworkneedstobedoneinthefuture, includingthe

accumulationofRIScasedata, thestudiesoffactors

ofinducingreservoirearthguake, thedetermination

ofmajorfactors, themechanismstudyofRISbased

onobservationandexperiment, andthedevelopment

ofeffectiveRISpredictiontechniques.
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对水库诱发地震研究的几点认识

毛玉平 , 余丰晏 , 李志祥 , 李茂仙

(云南省地震局 , 昆明 650224)

摘要:回顾了过去半个多世纪水库诱发地震观测与研究的进展 , 分析了当前水库诱发地震研究面临的主要问题 ,

认为进一步积累资料 、 确定水库诱发地震的关键影响因子 、 采用观测和实验手段研究水库诱发地震机理 , 并在此

基础上研究有效的水库诱发地震预测技术 , 是今后水库诱发地震研究的重点。

关键词:水库诱发地震活动;影响因子;机制;预测
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